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Sir: 

GERALD A. SOFF, M.D., declares and states that: 

1. I am a citizen of the United States, residing at 303 Appletree Lane, Wilmette, 
IL 60091. 

2. I presently hold the position of Associate Professor of Medicine at 
Northwestern University Medical School, Chicago, IL, which position I have held since 
2000. From 1991 to 2000, 1 held the position of Assistant Professor of Medicine, 
Northwestern University Medical School, Chicago, IL. I have held the positions of: 
Instructor in Medicine, Beth Israel Hospital, Harvard Medical School, Boston, MA; Visiting 
Scientist, Massachusetts Institute of Technology, Cambridge, MA; and Fullbright Scholar, 
Council of International Exchange of Scholars. 

3. I received a B.A. from Johns Hopkins University in 1977 and an M.D. from 
Johns Hopkins School of Medicine in 1981. I completed a three-year internship/residency in 
medicine at the Medical College of Virginia and a three-year fellowship in 
hematology/oncology at Beth Israel Hospital, Harvard Medical School, Boston, MA. I am a 
Diplomat of The American Board of Internal Medicine, Subspecialty in Hematology. 

4. My academic and technical experience, honors, and a list of my publications 
are set forth in my curriculum vitae, attached hereto as Exhibit A. 



-1- 



5. I am a co-inventor of present U.S. Patent Application No. 09/500,037, filed 
February 8, 2000, in the name of Soff aL and entitled "Methods and Compositions for 
Generating Angiostatin", and a co-author of Gately et aL, The mechanism of cancer-mediated 
conversion of plasminogen to the angiogenesis inhibitor angiostatin. Proc Natl Acad Sci U S 
A. 1997;94(20): 10868-72 ("Gately"), attached hereto as Exhibit B, and Lannutti et aL, 
Human angiostatin inhibits murine hemangioendothelioma tumor growth in vivo. Cancer 
Res. 1997 Dec l;57(23):5277-80 ("Lannutti"), attached hereto as Exhibit C. I am familiar 
with the non-final Office Action dated October 20, 2004 ("Office Action") issued therein. 

6. In the Office Action, the Examiner rejected claims 19-21, 23-24, 76-77, 79-86 
and 88-90 based on a lack of enablement, stating that applicant has not taught that 
plasminogen activator is effective in treating any angiogenic disease, and in particular 
hemangiomas (see Office Action at page 4, IfS). 

7. The following experiments have been performed. The results demonstrate that 
(1) administration of a plasminogen activator alone to an animal increases the amount of 
angiostatin present in said animal; and (2) the increased amount of angiostatin is effective to 
treat hemangiomas in the animal. 

A. Plasminogen Activator Alone Converts Plasminogen to Angiostatin in Ex Vivo Plasma 

8. An experiment was conducted to demonstrate that a plasminogen activator 
alone is effective to generate angiostatin in human plasma ex vivo. 

9. A plasminogen activator (uPA) and/or a free sulfhydryl donor (captopril) was 
added to 1 ml of normal human plasma anticoagulated with 10 mM EDTA. As control, 
plasma was incubated with no reagents. Plasma was incubated at 37°C, from 0 to 18 hours 
for analysis on immunoblot. 

10. Plasma treated with both uPA (200 lU/ml) and captopril (50 \iM) resulted in 
the generation of Angiostatin4.5 ("AS4.5") (see Figure 1 in Exhibit 1). Based on 
immimoblot and densitometer, it was estimated that the combined treatment resulted in the 
generation of approximately 100 nM of Glu-AS4.5 and 200 nM of Lys-AS4.5. 

1 1 . Plasma treated with captopril alone did not result in the generation of AS4.5 
(see Figure 1 in Exhibit 1). However, plasma treated with uPA alone did result in the 
generation of AS4.5 (see Figure 2 in Exhibit 2). Based on immunoblot and densitometer, it 
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was estimated that the treatment with the plasminogen activator alone resulted in the 
generation of approximately 20-40 nM of Lys-AS4.5 (see Figure 1 in Exhibit 1). 

12. Thus, the results demonstrate that a plasminogen activator alone is effective to 
generate angiostatin in human plasma by first converting plasminogen to plasmin, which is 
then converted to angiostatin in the presence of a sulfhydryl donor that is either endogenously 
present (see Figure 2 in Exhibit 2) or added to the plasma ex vivo (see Figure 1 in Exhibit 1). 

B* Angiostatin Generated by the Administration of a Plasminogen Activator Alone 
is Effective to Treat Hemangiomas in Mice 

13. An experiment was previously conducted to demonstrate that plasminogen 
activator-generated angiostatin is effective to treat hemangiomas (see Lannutti). 

14. The plasminogen activator uPa was capable of generating angiostatin in the 
presence of endogenous sulfhydryl donor (see Gately). 

15. Female beige nude mice at 6-8 weeks of age were first injected s.c. with cells 
from the murine hemangioendothelioma cell line EOMA and then, after 24 hours, injected 
s.c. with the affinity-purified plasminogen activator-generated human angiostatin twice daily 
("angiostatin-treated mice") or PBS ("control mice") until sacrifice. The mice were weighted 
every other day, and the tumors were measiu'ed three times weekly using tissue calipers. 

16. By 10 days after tumor appearance, the mean volume of tumors in the 
angiostatin-treated mice was significantly less than the volume of tumors in the control mice 
(see Figure 1 in Lannutti). 

17. The control mice were euthanized between 15 and 20 days after inoculation 
when preterminal, and the angiostatin-treated mice were euthanized at 20 days after 
inoculation. Blood, spleens and tumors were collected at autopsy and weighed. The wet 
weight of tumors in the control mice was significantly higher than that in angiostatin-treated 
mice (see Figure 2A in Lannutti). 

18. The spleen weight of angiostatin-treated mice was not significantly higher 
than age-matched control mice without hemangioendothelioma. By contrast, the spleen 
weight of control mice with hemangioendothelioma was significantly higher than non-tumor- 
bearing control mice (see Figure 2B in Lannutti). 
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19. The platelet count in angiostatin-treated mice was not significantly lower than 
non-tumor-bearing control mice but was significantly lower in the control mice with 
hemangioendotheHoma (see Figure 2C in Lannutti). 

20. The hematocrit level in angiostatin-treated mice was almost the same as those 
in non-tumor-bearing control mice. In comparison, the hematocrit level in the control mice 
with hemangioendothelioma were significantly reduced (see Figure 2D in Lannutti). 

21. Thus, the results demonstrate that angiostatin generated by the administration 
of a plasminogen activator alone is effective to treat hemangiomas in mice. 

22. As discussed above, a plasminogen activator converts plasminogen to plasmin, 
which is then converted to angiostatin in the presence of a sulfhydryl donor that can be from 
an endogenous source or added from an external source (see specification, page 10, lines 11- 
14). The sulfhydryl donor from an endogenous source is present in an amount that is 
sufficient to convert the intermediate plasmin to angiostatin (see Tfl 1 and 1fl4). The resulting 
increase in the amount of angiostatin in the body is effective to treat an angiogenic disease, 
such as hemangiomas (see f^f 15-21). 

23. In view of the foregoing, I conclude and it is my opinion that one skilled in the 
art would conclude that plasminogen activator-generated angiostatin is effective for treating 
an angiogenic disease, such as hemangiomas. The results demonstrate that when 
administered alone, the dose and dosage regimen of plasminogen activator can be adjusted to 
generate levels of angiostatin that have a clinical benefit in patients with hemangiomas. 

24. In view of the foregoing, I also conclude and it is my opinion that others 
skilled in the art would conclude that the present specification provides enablement for 
methods of treating an angiogenic disease, such as hemangiomas, comprising administering 
to an animal suffering from said disease a plasminogen activator, wherein the plasminogen 
activator converts plasminogen to plasmin, which is then converted to angiostatin by 
endogenous sulfhydryl donor. 
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25. I declare further that all statements made in this Declaration of my own 
knowledge are true and that all statements made on information and belief are believed to be 
true and further that these statements are made with the knowledge that willful false 
statements and the like so made are punishable by fine or imprisonment, or both, under 
Section 1001 of Tide 18 of the United Sates Code and that such willful false statements may 
jeopardize the validity of the application or any patent issuing thereon. 



Respectfully submitted, 




Date: 



4-20-2005 



Gerald A. Soff, M.D. 



CURRICULUM VITAE 



Gerald A. SoffMD 



Address : 303 Apple Tree Lane 

Wilmette, IL 60091 

Date of Birth : October 12, 1955 Soc. Security; 058 44 4104 

Place of Birth : New York, New York 

Education : 

1977 B.A. Cornell University (1973-1975) and Johns Hopkins University (1975-1977) 

1981 M.D. Johns Hopkins School of Medicine 

Postdoctoral Training : 

Internship/Residency: 

1981-1984 Medicine, Medical College of Virginia 
Fellowship. 

1985-1988 Hematology/Oncology, Beth Israel Hospital, 
Harvard Medical School, Boston, MA. 

Licensure and Certification: 

1982 Virginia Medical License #0101034414 
1986 Massachusetts Medical License #56474 
1991 Illinois State Medical License #036-083 173 
DEA# BS 0748333 

Board Certification: 



1984 Diplomat of The American Board of Internal Medicine. 

1988 Diplomat of The American Board of Intemal Medicine, 

Subspecialty in Hematology. 

Academic Appointments/Previous Positions 



1984- 


1985 


Fulbright Scholar, 






Council for International Exchange of Scholars. 


1988- 


1991 


Instructor in Medicine, Beth Israel Hospital, 






Harvard Medical School, Boston, MA. 


1986- 


1991 


Visiting Scientist, Massachusetts Institute of Technology, 






Cambridge, MA. 


1991- 


2000 


Assistant Professor of Medicine, Northwestern University Medical School, 


Chicago, IL. 







Academic Appointments/Current Position 

2000- Associate Professor of Medicine, Northwestern University 
Medical School, Chicago, IL. 
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Patents 



1. "A method of generating angiostatin in vitro comprising contacting plasminogen or plasmin 
with a plasminogen activator and a sulfhydryl donor." US Patent # 5,801,012. Issued September 1, 
1998. 

2. "Methods and compositions for generating angiostatin" US Patent #6,576,609 Bl. Issued 
June 10, 2003. 



Awards and Honors: 

1978-1979 Henry Strong Denison Scholarship recipient 

of the Johns Hopkins University School of Medicine. 
1984-1985 Fulbright Scholar, 

Council for International Exchange of Scholars. 



Major Committee Assignments/Hospital: 

1998- Medical Director, Anticoagulation Dosing Service, 

Northwestern Memorial Hospital 
1998- Member, Pharmacy And Therapeutics Committee, 

Northwestem Memorial Hospital 
1996-2003 Medical Director of The "Rube Walker" Blood Center, at 

Northwestem Memorial Hospital 

1 995- 1996 Assistant Director of Rube Walker Blood Center, at 

Northwestem Memorial Hospital 

Major Conmiittee Assignments/ Medical School: 

1 99 1 - 1 997 Member of North western University Intramural Grant Committee 

1996- 1997 Chairman, Northwestem University Intramural Grant Committee 

2000- Present; Member, Northwestem Memorial Foundation Intramural Grant Committee 
2002- present; Chair, Northwestem Memorial Foundation Intramural Grant Committee 
2005- present; Program Director; Medical School Honors In Research Program 

Membership In Professional Organizations 

1 993 Member of American Society of Hematology. 

1 997 American Association For Cancer Research 

1997 Central Society For Clinical Research 



Major Research Interests : 

1) Angiogenesis 

2) Thrombosis and Hemostasis 

3) Vascular biology 

Mentoring Research Trainees: 

Mentored Medicine Residents In Research Electives 

1993; Serena Yoon M.D.; First Prize in Residents Research Symposium 

1995; Lisa Boggio M.D.; First Prize in Residents Research Symposium. 

1997; Suzie Chi M.D.; First Prize in Residents Research Symposium. 
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1997- 1998; Douglas Tomasian M.D.; First Prize in Residents Research Symposium. 



1998 
1998 

2000; 
2000; 
2002 
2003 
2003 



Anne Mellott M.D.; 
Philip Simonian M.D. 
John Eklund MD 
Dan Milton MD 
Alexandra Leary MD 

Denise Lo (Medical Student); Medical Student Research Award 
Monica Tripathi MD 



Mentored Hematology Oncology Fellows In Research Programs 
Judith Senderowicz M.D. (Deceased) 
Ann Traynor M.D. (Currently faculty at Un. Massachusetts) 
Elaine Lee Wade M.D. 

Przemyslaw Twardowski M.D. (Currently, Staff Of City Of Hope Medical 
Center 

Lisa Boggio M.D. (Currently Instructor at Northwestern Uniyersity) 
Jerome Hong M.D. 

Anaa Zakarija M.D. (Currently Instructor at Northwestern Uniyersity) 



1993- 


1995; 


1993- 


1995; 


1994- 


1995; 


1995- 


1997; 


1997- 


1999; 


1997- 


1999; 


2002 


- 2004; 



Mentored Post-Doctoral Research Fellows 
1994-1998; Stephen Gately Ph.D. 
2003-present; Jennifer Doll PhD 

Mentored Graduate Students/PhD Adyisor 
1999-2004: Hao Wang PhD 
2002 - present: Jennifer Hobbs 



Principal Clinical and Hospital Service Responsibilities: 

Attend on benign Hematology consult seryice, 4 months per year. 
Medical Director of; 

1) Anticoagulation Dosing Seryice, Northwestern Memorial Hospital 

2) The Blood Center, Northwestern Memorial Hospital 
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GRANT SUPPORT 

Current Grant Support 

1) NIH, (P50 CA90386 ) The Specialized Program Of Research Excellence- Prostate Cancer 

Project Title; Generation of, And Angiostatin Levels In Prostate Cancer 

Dates; 06/01/01 -04/30/06 

Direct Costs for current year; $123,678 



2) NIH (P50 CA890 18-02), The Specialized Program Of Research Excellence-Breast Cancer 
Project Title; Angiostatic Therapy For Breast Cancer: A Translational Study 

Dates; 09/30/00 -8/31/05 

Direct Costs for current year; $138,846 

3) NIH, R21CA 89886-01 

Title; In Vivo Generation of Angiostatin4.5 Clinical Trial 
P.L; Timothy Kuzel MD, CO-P.L; Gerald A. Soff MD 
Dates; 7/1/01 -6/30/03 
Direct Costs for current year; $225,000 

4) Hairy Cell Leukemia Research Foundation 

Title; Mechanism of Antiangiogenic Activity of Angiostatiat.s. 
Dates; June, 2002- June, 2003 
Direct Costs for current year; $20,000 



Previous Grant Supp ort 

1) Clinician Scientist Award From American Heart Association 
Title; Regulation of the Gene For thrombomodulin 

P.L; Gerald Soff M.D. Dates 7/1/1989- 6/30/1992 

2) Grant- In- Aid From American Heart Association of Metropolitan Chicago Title; Cyclic 
Nucleotide-Dependent gene Regulation In Smooth Muscle Cells P.L; Gerald Soff M.D. 

Dates; 7/1/1992-6/30/1994 

3) Grant- In-Aid From American Cancer Society, Illinois Division Title; u-PA In The 
Microenvironment And Metastasis Of Prostate Cancer P.L; Gerald Soff M.D. Dates; 
8/1/1994-7/31/1995 

4) Grant- In-Aid From The Feinberg Institute For Cardiovascular Research 

Title; Regulation of Cyclic GMP-Dependent Protein Kinase In Vascular Smooth Muscle Cells 
P.L; Gerald Soff M.D. Dates; 3/1/1994 - 2/28/1995 

Renewal; 7/1/1995 - 6/30/ 1996 

5) ROl from NIH 

Title; The Vasculopathy of Juvenile Dermatomyositis 
P.L; Lauren Pachman M.D. 
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Co-P.I.; Gerald SoffM.D. 

Dates 9/30/95 - 9/29/97 

Direct Costs per year (For Soff); $40,188 



Indirect Costs for per year (For Soff); $ 19,290 



6) ROl (ROl CA71875) NIH/NCI 

Title; Plasminogen/Angiostatin Converting Enzyme 

P.I.; GASoff 

Dates; 4/1/1997- 1/32/2001 

Direct Costs for current year; $153,355 Indirect Costs for current year; $73,610 

7) ROl from NIH/NHLBI 

Title; Oral Contraceptives and Thromboembolic Disease 

P.I.; Stephen Sidney M.D. 

Co-P.I.; Gerald Soff M.D. 

Dates 7/1/1997 - 6/30/2001 

Direct Costs per year (For Soff); $19,560 

Indirect Costs per year (For Soff); $ 7997 
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AISTSIACT Angiostatin, a potent naturally ecciurring 
inhibitor of angiogenesis and growth of tumor metastases, is 
generated cancer-mediated proteolysis of plasminogen. 
Euman prostate carcinoma cells (FC-3) release enzymatic 
activity that converts plasminogen to angiostatin. We have 
now identified two components released by IPC-3 cells, miroM- 
nase (uFA) and free suMiydryl donors (FSOs), that are 
sufficient for angiostatin generation. IFurthermore, in a de- 
Hned cell-&ee system, plasminogen activators [uPA, tissue- 
type plasminogen activator (tFA), or streptokinase], in com- 
binadon with one of a series of FSDs (A^-acetyl-L-cysteine, 
D-penicillamine, captopril, L-cysteine, or reduced glutathione] 
generate angiostatin &om plasminogen. An essential role of 
plasmin catalytic activity for angiostatin generation was iden- 
tifled by using recombinant mutant plasminogens as sub- 
strates. The wild-type recombinant plasminogen was con- 
verted to angiostatin in the setting of uIPA/FSE^; however, a 
plasminogen activation site mutant and a catatytically inac- 
tive mutant &iUed to generate angiostatin. Cell-free derived 
angiostatin inhibited angiogenesis in vitro and in vivo and 
suppressed the growth of Lewis lung carcinoma metastases. 
These findings deHne a direct mechanism for cancer-cell- 
mediated angiostatin generation and permit large-scale pro- 
duction of bioactive angiostatin for investigation and potential 
therapeutic application. 



Because tumor growth and metastases are dependent upon 
angiogenesis (1-3), the identification of agents that inhibit 
angiogenesis now represents a potential therapeutic approach 
for the control of cancer (4-7). Angiostatin, consisting of the 
first four of five kringle domains of plasminogen (8), is one of 
a number of angiogenesis inhibitors that are internal fragments 
of larger nonangiogenic precursor proteins (8-14); however, 
the mechanisms by which these fragments are generated in vivo 
remains unknown. Although the activity sufficient to cleave 
plasminogen to angiostatin is present in tumor-bearing animals 
and serum-free conditioned medium (SFCM) of human pros- 
tate carcinoma cells (9), the cancer-dependent mechanism of 
angiostatin generation has remained unknown. Recently, mac- 
rophage-derived metalloelastase was shown to produce an- 
giostatin from plasminogen and may contribute to angiostatin 
generation in the murine Lewis lung carcinoma model (15). 
We now describe the enzymatic mechanism for the direct 
generation of human angiostatin from plasminogen by human 
prostate cancer cells and demonstrate the generation of bio- 
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active angiostatin from human plasminogen in a defined 
cell-free system. 

MATERIALS AND METMODS 

Angiostatin Generation. Angiostatin was generated from 
PC-3 cell SFCM as described (9). To generate angiostatin in a 
cell-free system, human plasminogen (0.2 /xM) was incubated 
with 0.2 nM recombinant human urokinase (uPA; Abbott), 1.0 
nM recombinant human two-chain tissue-type plasminogen 
activator (tPA; a gift from Henry Berger, Glaxo- Wellcome), 
or 8.0 nM streptokinase (Sigma) and with 100 ^M TV-acetyl- 
L-cysteine (NAC), D-penicillamine, captopril, L-cysteine, or 
reduced glutathione (Sigma) at 3TC overnight. To confirm the 
requirement for plasmin catalytic activity, recombinant plas- 
minogens (16) (0.2 ^LiM) were added to 100-/Ltl aliquots of 50 
mM Tris, pH 9.0/20 mM NaCl/0.2 nM human recombinant 
uPA (Abbott)/100 mM NAC (Sigma) and incubated at ST'C 
overnight. The angiostatin product was examined by Western 
blot as described (9). 

Protein Purification. SFCM was applied to Reactive Red 
120-agarose (Sigma) equilibrated with 50 mM Tris-HQ, pH 
7.5/140 mM NaCl (TBS), and proteins were eluted with 1.0 M 
KCl. The eluate was dialyzed against TBS by using a 6- to 
8-kDa cutoff membrane. Human plasminogen (0,2 piM) was 
incubated in lOO-jml aliquots of SFCM, Reactive Red 120- 
agarose flow-through, dialyzed eluate, or combined flow- 
through and eluate at 3TC for 18 h. For anion-exchange 
chromatography, SFCM was diluted 1:5 in 50 mM Tris (pH 
10.0) and applied to a High Q anion-exchange resin (Bio-Rad), 
and a linear gradient (50-300 mM NaCl/50 mM Tris, pH 10.0) 
was used for elution. The protein content of each fraction was 
estimated by measuring the absorbance at 280 nm and fractions 
were analyzed for angiostatin-generating activity. For isoelec- 
tric focusing, the SFCM was concentrated 10-fold by ultrafil- 
tration (Amicon) using a molecular mass cutoff of 10 kDa and 
diluted 1:5 with sterile water to lower the NaQ concentration 
to 20 mM, and ampholyte carriers (pH 3.5-9.5, Bio-Rad) were 
added. The sample was then fractionated in a Rotofor Cell 
(Bio-Rad) that stabilized the proteins into 20 focused zones 
from pH 3.0 to 10.0. Each fraction was analyzed for pH and 
angiostatin-generating activity. 

Cofactor IDetection. Human plasminogen (0.2 /xM) was 
added to IOO-/1I aliquots of the dialyzed Reactive Red 120- 
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Fig. 1. Western blot analysis of angiostatin generation, (a) The angiostatin-generating activity of PC-3 SFCM required two distinct fractions 
from Reactive Red 120-agarose chromatography. Angiostatin was generated when plasminogen was incubated with SFCM. No angiostatin 
generation was detected by incubation of plasminogen with the Reactive Red 120-agarose flow-through or 1.0 M KCl eluate dialyzed against TBS. 
When the flow-through and dialyzed eluate were combined, however, angiostatin generation was restored, (b) A cofactor for angiostatin generation 
was present in unconditioned RPMI 1640 medium and its amino acid mixture. Plasminogen incubated with PC-3 SFCM generates angiostatin. 
Plasminogen incubated with the dialyzed Reactive Red 120-agarose eluate supplemented with unconditioned RPMI 1640 medium also generates 
angiostatin. The cofactor activity of RPMI 1640 medium, necessary for angiostatin generation, was not present in the RPMI 1640 vitamin mixture 
but was present in the RPMI 1640 amino acid mixture, (c) Angiostatin was generated in a cell-free system consisting of human 0.2 ^M plasminogen 
(PLG), uPA, tPA, or streptokinase and the sulfhydryl donor Af-acetyl-L-cysteine (NAC). Human plasminogen incubated with uPA (0.2 nM), tPA 
(1.0 nM), or streptokinase (8.0 nM) generated angiostatin only in the presence of NAC (100 fiM). (d) Human PC-3 prostate carcinoma cells, cultured 
for 24 h in the sulfhydryl-depleted RPMI 1640 medium, secreted sufficient FSDs and uPA to generate angiostatin from plasminogen. Human 
plasminogen was incubated with sulfhydryl-depleted RPMI 1640 medium and uPA (lane 1) or with identical sulfhydryl-depleted RPMI 1640 medium 
conditioned by human PC-3 prostate carcinoma cells (lane 2). 



agarose eluate supplemented with components in RPMI 1640 
medium: salts, phenol red, a vitamin mixture, or an amino acid 
mixture (GIBCO/BRL). To define the cofactor necessary for 
angiostatin generation, the dialyzed eluate was incubated with 
individual components of RPMI 1640 medium, and samples 
were tested for angiostatin-generating activity by Western blot. 

Plasminogen Activator Detection. Fractions from the anion- 
exchange and Reactive Red 120-agarose eluates were exam- 
ined with a coupled assay that measures plasminogen activa- 
tion by monitoring the amidolytic activity of generated plas- 
min. Briefly, the eluates were dialyzed against TBS and 
incubated with plasminogen (0.3 ^M) and the plasmin sub- 
strate D-Val-Leu-Lys-p-nitroanilide (0.3 mM; Sigma) at 3TC, 
Substrate cleavage was determined by monitoring the absor- 
bance at 405 nm using a kinetic plate reader (Molecular 
Devices). 

Plasmin Generation. Human plasminogen (0.2 ;iM) in 
100-/tl aliquots of 50 raM Tris, pH 9.5/20 mM NaQ was 
incubated with 10 /il of uPA-Sepharose (Calbiochem) for 2 h 
at 3TC. After incubation, the sample was centriftiged to 
sediment the uPA-Sepharose, and the supernatant containing 



plasmin was collected. The complete conversion of plasmin- 
ogen to plasmin was confirmed by analysis of the supernatant 
on reduced Coomassie-stained polyacrylamide gels. Plasmin 
was then incubated for 18 h with lOO /iM NAC, and samples 
were analyzed for the presence of angiostatin, 

Bioactivity of Angiostatin. The angiostatin, generated in a 
cell-free system, was purified by affinity chromatography on 
lysine-Sepharose (Pharmacia Biotech) and examined on West- 
em blots as described in Gately et al (9). Endothelial cell 
migration assays were performed in a modified Boyden cham- 
ber with bovine adrenal capillary endothelial cells (a gift from 
J. Folkman) as described (17). The mouse corneal angiogenesis 
assays were performed as described (18). 

The Lewis lung carcinoma metastasis model was performed 
as described by O'Reilly et al (8). In brief, 1 x 10^ low- 
metastatic Lewis lung carcinoma cells were inoculated subcu- 
taneously into C57BL6/J mice (The Jackson Laboratory). 
When tumors reached approximately 1200-1800 mg in size 
(12-14 days after implantation), animals were randomly di- 
vided into one of three treatment conditions: For the positive 
control group, mice were left with tumors intact (n = 10); for 
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the remaining animals, tumors were surgically resected. Tu- 
mor-resected mice received either cell-free-derived angiosta- 
tin, (0.15 mg, twice daily, subcutaneously) beginning on day 2 
after surgery (n = 6) or, for negative control, received twice 
daily subcutaneous injections of phosphate-buffered saline 
(/I = 6). Mice were sacrificed on days 25-27, and lung mass was 
measured to quantitate the growth of metastatic lung tumors. 

RESULTS 

Purification of the Factors Responsible for the IProduction 
of Angiostatin. A significant loss of angiostatin-generating 
activity from human PC-3 prostate carcinoma cell SFCM (9) 
was observed after dialysis using 6- to 8-kDa molecular mass 
cutoff membranes, suggesting that a low molecular weight 
cofactor was required. Fractionation of SFCM on Reactive 
Red 120-agarose indicated that complementary components 
were required for angiostatin generation. The flow-through 
and the dialyzed eluate alone failed to generate angiostatin; 
however, combination of the flow-through and the eluate 
fraction restored angiostatin-generating activity (Fig. la). The 
flow-through component was stable to boiling, suggesting that 
this factor was not likely to be a protein. In contrast, the eluate 
component was thermolabile and was retained after dialysis 
consistent with the eluate containing a protein(s). 

The IFIow-Throiuigh Component Necessary for Angiostatin 
Generation Was Identified as a Free Sul&ydryl Donor (FSB). 
Addition of nonconditioned RPMI 1640 medium to the Re- 
active Red 120-agarose eluate resulted in the generation of 
angiostatin (Fig. lb), indicating a component of RPMI 1640 
medium could serve as a cofactor. Individual constituents of 
nonconditioned RPMI 1640 medium were then incubated with 
the dialyzed eluate. The amino acid mixture could complement 
the eluate for angiostatin generation (Fig. lb), and testing of 
individual amino acids at concentrations present in RPMI 1640 
medium indicated that L-cysteine is the only amino acid 
capable of complementing the eluate. The RPMI vitamin 
mixture (Fig. lb) and other RPMI constituents could not serve 
as a cofactor. Because L-cysteine is a FSD, reduced glutathione 
(100 ptM) and NAC (100 ptM) were evaluated and also found 
to effectively complement the eluate for angiostatin genera- 
tion. 

The Protein in the Elution Necessary ITor Angiostatin Gen- 
eration Is a Plasminogen Activator. Fractionation of SFCM 
using isoelectric focusing indicated that angiostatin generation 
was associated with an isoelectric point of approximately 9.2, 
similar to uPA (19). Furthermore, an ion-exchange chroma- 
tography of SFCM resulted in the copurification of the an- 
giostatin-generating activity with uPA, and the Reactive Red 
120-agarose eluate contained plasminogen activator activity. 
The inability to separate uPA from angiostatin-generating 
activity suggested a role for uPA in angiostatin generation. The 
observation that plasmin was also converted to angiostatin by 
PC-3 SFCM (9) suggested that prior conversion of plasmino- 
gen to plasmin would not be inhibitory for angiostatin gener- 
ation. Human plasminogen was therefore incubated with 
catalytic amounts of uPA, tPA, and streptokinase with and 
without NAC (100 fiM; Fig. Ic). These data demonstrate that 
a plasminogen activator and NAC were sufficient for the 
complete conversion of plasminogen to angiostatin. Addi- 
tional experiments indicated that other FSDs (100 /xM L- 
cysteine, 100 fiM reduced glutathione, 100 /nM D-penicilla- 
mine, or 100 /tM captopril) could substitute for NAC for the 
production of angiostatin. Incubation of plasminogen with 
uPA and a nonsulfhydryl reducing agent, dexrazoxane (Zin- 
ecard, Pharmacia), did not generate angiostatin, demonstrat- 
ing the specific requirement for a FSD. These data indicate 
that incubation of human plasminogen with a plasminogen 
activator and a FSD is sufficient for conversion to angiostatin. 



Prostate Carcinoma Cells Release FSBs in Vitro. Because 
RPMI 1640 medium contains FSDs in the form of L-cysteine 
and glutathione, to determine whether PC-3 cells release 
sufficient FSD to convert plasminogen/plasmin to angiostatin, 
PC-3 cells were cultured for 24 h in defined RPMI 1640 
medium lacking reduced glutathione, L-cysteine, and L- 
methionine. This PC-3 SFCM was found to efficiently catalyze 
the conversion of plasminogen to angiostatin, indicating the 
cells release sufficient FSD and uPA for angiostatin generation 
(Fig. 1^. 

Plasmin sis a Substrate for Angiostatin Generation. Purified 
human plasmin, in the absence of uPA or other plasminogen 
activators, is converted to angiostatin in the presence of a FSD, 
suggesting a direct effect of the sulfhydryl donor on plasmin 
enzymatic activity or substrate specificity (Fig. la). To confirm 
a role for plasminogen conversion to plasmin and the catalytic 
role of plasmin in angiostatin generation, recombinant plas- 
minogens (16) were evaluated as substrates for angiostatin 
generation. The R561A plasminogen activation site mutant is 
not susceptible to cleavage by plasminogen activators, whereas 
the D646E mutant yields a catalytically inactive plasmin due to 
a substitution of an essential amino acid in the serine protein- 
ase catalytic domain. Both plasma-derived plasminogen and 
the wild-type recombinant plasminogen were converted to 
angiostatin when incubated with uPA and 100 yM NAC (Fig. 
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Fig. 2. {a) Plasmin is converted to angiostatin in the presence of 
a FSD. Human plasminogen was converted to plasmin by incubation 
with uPA-Sepharose. Plasmin was only converted to angiostatin in the 
presence of 100 yM NAC. {b) Plasmin generation and catalytic activity 
is essential for angiostatin generation. Plasma-derived human plas- 
minogen (0.2 /iM), incubated with uPA (0.2 nM) and NAC (NAC) 
generates angiostatin (lane 1). The recombinant wild-type plasmino- 
gen (lanes 2 and 3) is also converted to angiostatin by the addition of 
uPA and NAC. The R561A activation site mutant (lanes 4 and 5), not 
susceptible to activation by plasminogen activators, failed to generate 
angiostatin when incubated with uPA and NAC. The D646E catalyt- 
ically inactive mutant (lanes 6 and 7) also failed to generate angiosta- 
tin, demonstrating the requirement for plasmin catalytic activity. 
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2b). However, the R562A mutant was not cleaved to plasmin 
or angiostatin under these conditions, providing further evi- 
dence that plasmin is an essential intermediate in angiostatin 
generation. The D646E mutant was converted to two-chain 
plasmin but angiostatin was not generated, demonstrating that 
plasmin catalytic activity is necessary for angiostatin genera- 
tion (Fig. 2b), 

Bioactivity of Amnity-Furifled Cell-Free-I[)erived Angiosta- 
tin. The affinity-purified angiostatin produced in the cell-free 
system (AScf) was biologically active, suppressing basic fibro- 
blast growth factor (bFGF)-induced endothelial cell prolifer- 
ation with an EDso of approximately 15 ^g/m\, similar to the 
PC-3-derived angiostatin (9). Inhibition of bFGF-induced 
endothelial cell migration in vitro by the cell-free angiostatin 
was comparable to the PC-3-derived (9) and elastase- 
generated angiostatin (generously provided by Michael 
O'Reilly, Harvard Medical School), with an observed ED50 of 
0.33 Mg/nil (Fig. 3). As shown in Table 1, the cell-free 
angiostatin inhibited bFGF-induced angiogenesis in the mouse 
cornea as was shown for the PC-3-derived angiostatin (9). 

Administration of the cell-free-produced angiostatin to 
mice significantly inhibited the growth of Lewis lung carci- 
noma metastases (Fig. 4). Surgical resection of primary sub- 
cutaneous Lewis lung tumors in mice resulted in numerous 
macroscopic metastases and a 71% increase in lung mass 
compared with animals in which the primary tumors were not 
resected (Fig. 4). By contrast, administration of angiostatin 
produced in a cell-free system suppressed the increase in lung 
weight to a comparable level as observed in animals with the 
primary tumor intact, and only microscopic metastases were 
observed. These data not only support the model that primary 
tumors can suppress the growth of metastases by the genera- 
tion of an inhibitor of angiogenesis, angiostatin, but also 
confirm the biological activity of the cell-free-produced an- 
giostatin. 

DISCUSSION 

The results presented demonstrate the mechanism by which 
human prostate carcinoma cells convert plasminogen to the 



Table 1. In vivo inhibitory activity of cell-free 
produced angiostatin 
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Fig. 3. Inhibition of bovine capillary endothelial cell migration by 
angiostatin produced in a cell-free system (AScf)- Endothelial cell 
migration in a Boyden chamber toward a range of concentrations of 
angiostatin was measured in the presence (solid symbol) or absence 
(open symbol) of stimulatory bFGF. As a control, single points using 
etastase-generated angiostatin (ASeiastase) are shown (squares). These 
data demonstrate that AScf inhibits bFGF-induced endothelial cell 
migration in a dose-dependent manner, with an EDso of 0.33 ^g/m\. 



Compound tested 



No. positive corneas/ 
total no. implanted 



bFGF (50 ng per pellet) 
Angiostatin (200 ng per pellet) 
bFGF + angiostatin 



4/4 
0/4 
0/4 



Pellets were formulated with the indicated compounds and im- 
planted into the corneas of mice, and neovascularization was assessed 
by slit-lamp microscopy 5 days later. Vigorous growth of vessels into 
the normally avascular cornea was scored as a positive response. 

angiogenesis inhibitor angiostatin. Plasminogen is first con- 
verted to the two-chain serine proteinase plasmin, by uPA, and 
in the presence of a FSD, plasmin serves as both the substrate 
and enzyme for the generation of angiostatin (Fig. 5). This 
pathway was confirmed by the ability to convert plasminogen 
to angiostatin in a cell-free system using one of three available 
plasminogen activators and one of a series of physiological or 
pharmacological FSDs. Furthermore, the angiostatin gener- 
ated in the cell-free system was shown to be bioactive, dem- 
onstrating antiangiogenic activity in vitro and in vivo and 
suppressing the growth of lung metastases in the mouse Lewis 
lung carcinoma model. 

The local or systemic availability of FSDs may be an 
important regulatory point in the angiogenic cascade in phys- 
iologic and pathologic settings. The role of the FSD is not yet 
known but could be involved in modification of the confor- 
mation of plasmin, altering enzymatic activity or allowing 
plasmin to be cleaved at previously unrecognized sites. The 
observation that a FSD is required for angiostatin generation 
suggests that the reported antiangiogenic properties of phar- 
macologic sulfhydryl donors such as D-penicillamine and cap- 
topril (20-24) may be due to their ability to promote the 
conversion plasmin, a normally proangiogenic proteinase (25), 
to the angiogenic inhibitor angiostatin. The potential loss of 
plasmin catalytic activity that would result from plasmin 
conversion to angiostatin (Fig. 5) may contribute to reduced 




Tymor 



Timor Resected 



Fig. 4. Angiostatin produced in a cell-free system suppresses the 
growth Lewis lung carcinoma lung metastases after resection of the 
primary tumor. The presence of the primary subcutaneous Lewis lung 
tumor suppressed the expansion of lung metastases (tumor present 
control). By contrast resection of the Lewis lung tumor and admin- 
istration of saline resulted in a significant increase in the mean lung 
mass compared with the tumor present control, confirming primary 
tumor- mediated suppression of metastatic tumor growth («, P < 0.01). 
Subcutaneous administration of angiostatin after removal of the 
primary tumor, significantly suppressed the expansion of lung metas- 
tases to levels comparable to the tumor control group (angiostatin 
compared with saline; **, P < 0.01). 
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Fig. 5. Conversion of the proanglogenic proteinase plasmin to the 
angiogenesis inhibitor angiostatin. \a) The zymogen plasminogen is 
converted to the active proteinase plasmin by cleavage of the Args6(r 
Vals6i peptide bond by plasminogen activators such as uPA and tPA. 
{B) Plasmin is a proangiogenic proteinase capable of degrading a 
variety of extracellular matrix proteins, facilitating endothelial cell 
migration and angiogenesis. (C) Plasmin in the presence of a FSD is 
converted to the angiogenesis inhibitor angiostatin. The plasminogen 
activation site mutant R56IA, indicated by Al, is not cleaved by 
plasminogen activators, preventing conversion of plasminogen to the 
plasmin intermediate required for angiostatin generation. The plas- 
minogen mutant D646E, indicated by A2, is cleaved by plasminogen 
activators, but the resulting two-chain plasmin is inactive due to the 
substitution of a catalytically essential aspartic acid residue in the 
serine proteinase catalytic triad. In the presence of a FSD, the inactive 
D646E mutant plasmin is not converted to angiostatin, demonstrating 
the requirement for plasmin catalytic activity. 

fibrinolysis and the hypercoagulable state often observed in 
patients with cancer (26). 

The angiostatin-generating activity released by human pros- 
tate carcinoma cells was not blocked by inhibitors of elastase 
or metal-dependent proteinases (9). These data suggest a 
direct mechanism of angiostatin generation by human prostate 
cancer cells, in contrast to the indirect mechanism of angiosta- 
tin generation, dependent upon expression of metalloelastase 
by tumor-infiltrating macrophages (15). Thus, these data dem- 
onstrate alternative models of angiostatin generation, suggest- 
ing there may be multiple pathways for the generation of 
angiostatin. 

The identification of a direct mechanism of human prostate 
cancer-mediated angiostatin generation and the recapitulation 
of this process in a cell-free system allow for the efficient 
large-scale production of angiostatin that is antiangiogenic and 
capable of suppressing the growth of Lewis lung carcinoma 
metastases. The ability to produce angiostatin in a cell-free 



system will allow for large-scale production of this protein for 
in vivo testing as an novel anticancer agent. In addition, the 
elucidation of the components required for plasminogen con- 
version to angiostatin could permit the direct m vivo genera- 
tion of angiostatin in the patient by administration of a 
plasminogen activator with a pharmacologic FSD. 
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Institute; a grant-in-aid from the American Cancer Society, Illinois 
Division; National Institutes of Health Grants CA71875 (to G.A.S.), 
CA58900 (to M.S.S.), and HL13423 (to FJ.C); and Veterans Admin- 
istration Merit Review Research Grant (to H.C.K.). 
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Abstract 

Angiostatin inhibits angiogenesis and metastatic tumor growtii; hou- 
ever, hs usefulness in treating primary nomnetastasizing tumors is less 
well understood. We imow re]|M>rt the efiTecdveuess of human angiostatin 
Qdmiuistration in a mouse hemangioendothelioma model Euman an- 
giostatin was administered to mice vilth s.c hemangioendothelioma and 
associated disseminated intravascular coagulopathy (Kasabach-Merritt 
syndrome). Angiostatin significantly reduced tumor volume iin compari- 
son to nontreated controls, Increased survival, and prevented the pro- 
found thrombocytopenia and anemia of Kasabach-Merritt syndrome. 
Apoptosis of tumor cells was induced by angiostatin, but tumor cell 
proliferation was not inhibited. These data suggest angiostatin as a novel 
treatment for nomnetastasizing vascular tounors and for Kasabacti- 
Merritt syndrome. 

Introduction 

Solid tumor growth and metastases are dependent on angiogenesis 
( 1 ). Angiostatin is a potent, .endogenous inhibitor of angiogenesis that 
is generated by the proteolytic cleavage of plasminogen (2-4). An- 
giostatin has been shown to inhibit the growth of metastatic tumors (2, 
5-8); however, its role in the management of primary tumors thai do 
not metastasize has not been explored. The Kasabach-Merritt syn- 
drome is a life-threatening condition in infants that is characterized by 
r^id enlargement of a primary endothelial cell-derived mmor in 
association with disseminated intravascular coagulopathy (9). Using a 
nKMise model of the Kasabach-Merritt syndrome (10), we have tested the 
ability of affinity-purified angiostatin to control primary hemangioendo- 
thelioma growth. We now report that human angiostatin markedly sup- 
pressed the growth of s.c. hemangioendothelioma, prevented the hema- 
tological complications of Kasabach-Merritt, and increased mouse 
survival. 

Materials sind Methods 

Cell Culture. The murine hemangioendothelioma cell line EOMA (gener- 
ously provided by Dr. R. Auerbach, University of Wisconsin, Madison, Wl) 
and primary bovine aortic endothelial cells isolated from calf aortas (11) were 
grown in DMEM supplemented with 10% fetal bovine serum, 100 units/ml 
penicillin G, and 100 mg/ml streptomycin (Life Technologies, Inc., Gaithers- 
buig, MD) and maintained at 37X. 

Angiostatin Generation. AfTmity-purified human angiostatin was gener- 
ated in a cell-free setting as described previously (3). Briefly, human plasmin- 
ogen (0.2 yM) was incubated with 0.2 nM recombinant human urokinase 
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(Abbott Laboratories. North Chicago, IL) and 100 fiM of 7V-acetyl-L-cysteine 
(Sigma Chemical Co.) at 37''C overnight. The angiostatin was then affiniiy 
purified on lysine-Sepharose and examined by Western blot assays as de- 
scribed previously (12). Each lot of angiostatin was tested for the ability to 
inhibit bFGP^-induccd bovine aortic endothelial cell proliferation in vitro, 
prior to administration in vivo. In addition, we have shown that the angiostatin 
generated by recombinant human urokinasc/^-acetyl-L-cysteine treatment in- 
hibits normal endothelial cell migration in vitro and corneal vessel angiogen- 
esis in vivo (3). 

Bioactivity of Angiostatin in Vitro. To assess the antiproliferative effects 
of angiostatin, bovine aortic endothelial and EOMA cells were plated at 
2.0 X 10* cells/well in 24-welI culture plates and grown overnight. Medium 
was then replaced with fresh DMEM/5% heat-inactivated fetal bovine scrum 
supplemented with 1 ng/ml bFGF (R&D Systems. Minneapolis, MN) with 
and without affinity-purified human angiostatin (50, 100, or 200 nM). Cell 
counts from duplicate wells were performed after 48 h incubation using a ZB 1 
Coulter counter (Coulter Corp., Hialeah, FL). 

In Vitro Apoptosis Assay. To determine whether angiostatin induces ap- 
optosis of EOMA cells in vitro, 1.0 X 10* EOMA cells were plated on 
four-chambered slides (Lab-Tec; Nalgene Nunc International, Napen'ille. IL) 
in duplicate in serum-containing medium. Sixteen h later, cells were incubated 
in either serum-coniaining or serum-free DMEM with or without angiostatin 
(0-200 nM) for 24 h. Cells were washed, and DNA fragmentation was 
detected using a Klenow FragEL DNA fragmentation kit (Oncogene, Cam- 
bridge, MA). The binding of biotinylated nucleotides was detected by strepta- 
vidin-horscradish peroxidase, followed by hydrogen peroxide/diaminobenzi- 
dine and counterstaining with methyl green. For a positive control, cells were 
treated with proteinase K, and then 1.0 /ig/ml DNase I in TBS containing 1.0 
nM MgSOj was applied. For a negative control, TBS was substituted for 
Klenow. 

Western Blot. Western blots were performed as described previously (12). 
Circulating angiostatin was detected in mice treated with angiostatin (/; = 4) 
and PBS {n = 4). Plasma protein concentrations were measured by a modified 
Bradford assay (Ref. 13; Coomassie Plus Protein Assay; Pierce, Rockford, IL). 
The mouse plasma samples were standardized, diluted 1:20 with TBS for a 
final loading concentration of 250 ng/Iane, electrophoresed under nonreducing 
conditions on I2Cr polyacrylamide gels (NOVEX, San Diego, CA) in Tris- 
Glycine running buffer, and electrotransferred to a 0.45 ^tM polyvinylene 
difluoride membrane (Immobilon; Millipore, Bedford, MA). Purified human 
angiostatin 1 pig/lane was run as a control. The membrane was blocked for 30 
min in 1% BSA in TBS and probed with a 1:1000 dilution of a monoclonal 
antibody to the kringles 1-3 domains of human plasminogen (VAP 250 L; 
Enzyme Research Laboratories, Inc., South Bend, IN). After washing, the 
membrane was incubated for 30 min with an alkaline phosphatase conjugated 
goat anti-mouse IgG secondary antibody and developed using 5-bromo-4- 
chloro-3-indoyl-phosphate/nitroblue tetrazolium (Kirkegaard & Perr>' Labora- 
tories, Gaithersburg. MD). 

Murine Tumor Model. Animal experiments were approved by the Insti- 
tutional Animal Care and Use Comnuttee of the Children's Memorial Institute 
for Education and Research. Female beige nude mice (Taconic Labs, German- 
town, NY) at 6-8 weeks of age received injections s.c. in the right flank with 
1,0 X 10** EOMA cells in 100 /il PBS. Tumors appeared approximately 7 days 
after implantation and grew exponentially until the nuce died. Beginning 24 h 



' The abbreviations used are: bFGF. basic fibroblast growth factor. TBS. Tris-buffered 
saline; PCNA, proliferating cell nuclear antigen; KMS, Kasabach-Merritt syndrome. 
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after tumor cell inoculation, human angiostadn 40 mg/kg/dosc, or the PBS 
vehicle, in a final volume of 400 /il, was injected sx. into the nuchal region of 
the mice twice daily until sacrifice. Mice were wdgbed every other day, and 
the tumors 4vere ineasured three times weekly using tissue calipers. Tumor 
volume was determined using die formula (width)^ x length x 0^2 (5). 
Control mice were euthanized when tumors reached a diameter of 1.5-2.0 cm, 
when difficulty with ambulation and lethaz^gy occurred. Mice treated with 
angiostatin were euthanized when the last control mouse was eudianized. 
Cardiac puncture was performed preterminally under deep anesthesia for 
collection of blood, then spleens and tumors were collected at autopsy and 
weighed. This experiment was performed in duplicate, with at least eight mice 
studied for each treatment condition. 

Histological Studies. Tumor and spleen tissues were fixed in 4% 
paraformaldehyde, embedded in paraffin, sectioned, and then stained with 
H&E for routine histological examination. To determine the percentage of 
apoptotic tumor cells, 5.0-fun tissue sections were deparaffinized and washed. 
DNA fragmentation was detected as described for in vitro assays. To quantitate 
cell proliferation, tumor sections were immunostained with a monoclonal 
anti-PCNA antibody. Briefly, tissue sections were deparaffinized and treated 
with 0.05% trypsin (Sigma). After quenching with HjOj and blocking with 
horse serum, samples were incubated with a 1:75 dilution of mouse mono- 
clonal anti-PCNA antibody (DAKO Corp., Carpinteria, CA). Binding was 
detected by treatment with horse anti-mouse IgG using a Vectastain kit (Vector 
Laboratories, Burlingame, CA) and colorimetric staining with diaminobenzi- 
dine. The percentage of proliferative and apoptotic tumor cells were deter- 
mined by counting a minimum of 4000 cells from 10 nonoverlapping micro- 
scope fields of mmor sections from at least four mice from each treatment 
condition under a light microscope at X200. 



Determination of Platelet Levels and Hematociits. Cell counts were 
determined using a CellDyn Coulter counter (Abbott Laboratories, Abbott 
Paiie, IL). Age-matched beige nude mice without EOMA tumors (n = 4) were 
used to determine the normal range of values. 

Statistical Analysis. Results are expressed as mean ± SO. Statistically 
significant diffocnces between means were determined using a one-way 
ANOVA. A value of P < 0.05 was considered significant. 

Results and Discussion 

Angiostatin Inhibits Hemangloendotlielioma Growth in Vivo 
but not in Vitro, Previous studies widi angiostatin have focused on 
the ability of this potent antiangiogenic agent to inhibit the growth of 
metastases (2-4, 6) and, more recently, of metastasizing primary 
tumors (5-7). We have now tested the ability of affinity-purified 
himian angiostatin to inhibit the growth of a primary, nonmetastasiz- 
ing endothelial-derived tumor in vivo, Angiostatin significantly inhib- 
ited the growth of the murine hemangioendothelioma in vivo. No 
difference was noted in tumor volumes between treated and untreated 
mice until 10 days after tumor inoculation (Fig. L4). However, by 17 
days after tumor cell inoculation, the tumor volume of angiostatin 
treated mice was 66 ± 12 mm^ (Fig. IB), whereas the tumor volume 
of control mice was 825 ± 67 mm^ (Fig. IQ. The wet weight of 
tumors in control-treated mice was also significantiy higher tiian that of 
angiostatin-treated mice (P < 0.001; Fig. 2A). Angiostatin administration 
in vitro did not inhibit tfie proliferaticm of EOMA cells, at concentrations 
as high as 200 nM, despite the endotiielial cell origin of die EOMA cells. 



A EOMA Tumor Volumes 



1200 



Fig. I, A, tumor volumes of PBS- and angiostatin- 
treated animals. No statistically significant difference in 
the tumor volume was observed between PBS- and an- 
giostatin-treated mice until 3 days after tumor appear- 
ance. By 10 days after mmor appearance, the mean vol- 
ume of mmors in angiostatin treated mice (5) was 
significantly less than the volume of the controK PBS- 
trcated mice (C; P < 0.0001). 
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Tumor Weight 



Re 2 Effect of angiostatin treatmeM on tumor weight, spleen weight, 
ptotelel counts, and hen«.toctit values. Control mice *« «««>r^ 
15 and 20 days after inoculaUon when pretenninal. and angiostaun-treated 
mice weit eulhaniied at 20 days after inoeulaUoo. Tumors and spleens were 
weighed, and blood was taken by cardiac puncture for henWologica^ smdies. 
In A the wet weight of tumors in control-treated mice was significantly higher 
th« of angilsuuin-treated mice; in B. the n,leen wetght of »pc«taun. 
wated mice wii not significamly higher duu, age-matchrf 
mice without hemangioendothelioma. By contrast, the spleen wei^t of con- 
ool PBS-ireated mice with hemangioendodielioma was significantly highw 
Z; no« tumor-bearing contn,! mice: in C die platelet «> 
widi angiostttin was iKK significanUy lower tfian non-tumor-beanng control 
was significantly lo»er in the control. PBS- «^ r^-"^ 
mgiosuttin mainSned the hematocrit levels, almost to the levels in 
mj« without d« tumor. In comparison, hematocrit levels in PBS-treated 
control mice were significantly reduced. 




Spleen Weight 




By contrast, bFGF-induced proliferalion of nontransformed bovine en- 
dothelial cells was completely inhibited at 100 nM (data not shown)^ 
Angiostatin treatment also did not deUy or prevent the appearance ot 
tumors, evident at 6-7 days after inoculation (Fig. M); ^l^'' ^ 
statisticaUV significant difference in tumor volume was evident by 10 
days after tumor cell injection (P < 0.0001). These data suggest that the 
mechanism for this significant growth inhibition involves suppr^ion of 
angiogenesis (5. 14, 15) rather than a primary effect on the endotheUal 
cell-derived tumor cells Aemselves. 

Untreated control mice had a mean age of death at 17 ± 3 days after 
tumor cell inoculation because of a large tumor burden, anemia, and 
internal bleeding related to the splenomegaly and decreased platelet 
counts (Fig. 2). At the time of death of the control mice, the angiosta- 
tin-treated mice showed no evidence of the pallor, letharRi^ or blecd- 
ine into the skin that was observed in the control mice. Tlie lack ot 
apparent toxicity in our trials with 80 mg/kg/day angiostatin is con- 
Istent with previous studies in which no side effects were observed in 
mice that received as much as 100 mgflcg/day of elastasc-generated 
angiostatin (5) or recombinant angiostatin (6. 7) for up to 60 days (5). 

Angiostatin Prevents KMS. KMS is a life-threatening comphcanon 
of endotheUal cell tumors in infancy. The disorder is chaiacterued by 
rapid enlargement of a tumor. usuaUy a hemangioendodieUoma, m asso- 
dation with thrombocytopenia, microangiopadiic anemia, and coagu- 
looafliy (9, 16). Relatively weak inhibitors of angiogenesis, such m 
ZLrL corticosteroids and IFN-a (17, 18). have been admmistered. 
Despite aggressive intervention with these systemic medications, surgeo'. 
and anticoagulants, 20-50% of affected infants die. often b«?"f f 
bleeding diathesis. s.c. injection of hemangiocndolheUoma (EOMA) cells 
provides a model of KMS. with mice developing P^JS^^'^^X ""J??^' 
aly. thrombocytopenia, and microangiopathic anemia (10). AGM 1470, a 



synthetic analogue of the fimgalptoductfimiagilhn and a potent inhibuor 
of angiogenesis, has recently been shown to inhibit hemangioendoiheh- 
oma growth (19). although its effect on the hematolopcal compbcauons 
of hemangioendotheUoma grewth was not studied. Usmg «^ "'o**^^^^ 
investigated the effect on hematological compUcations as well as nmior 

growth of angiostatin. , „„ j v,.-,- 

Angiostatin administration prevented the splenomegaly and hema- 
tological complications in tumor-bearing animals. Tlie spleen weight 



60 kD 




Angiostatin 



rr similar size to the »dmimster«J human angiostatin ^Lane, 4 and J). 



5279 



ANOIOSTAITN INHBITS PRIXtARY TUMOR GROWTH 




Fig. 4. Detection of apoptosis in \ivo. Immunohistodieniical analysis of sections of 
hemanpoendothcUoma tumois dcnionstrates apoptosis of the tumor cells surroandiiig himina 
filled with erythrocytes, as detected by diaminobenzidine colorimetiic biown stainirig of the 
nuclei. A, PBS-treated control animal tumors; B. angiostatin-treated animal tumois. X200. 

of angiostadn-tneated mice was not significantly higher than age-matched 
control beige nude mice. By contrast, the spleen weight of control, 
PBS-treated mice was significandy higher than nontumor-bearing control 
mice {P < 0.001; Fig. 25). The platelet count in mice treated with 
angiostalin (438 ± 31 K/fxl) was not significantly lower than nontumor- 
bearing control mice (606 ± 142 K/fjl; P < 0.12) but was significandy 
lower in the control, PBS-treated mice (149 1: 21 K/fjl; P < 0.0005; Fig. 
2C). Angiostatin also maintained the hematocrit levels (32 ± 6%) almost 
to the levels in normal mice widiout the tumor (39 ± 2%; P < 0.15). In 
conqjarison, hematocrit levels in PBS-treated control mice woe signifi- 
candy decreased (16.7 ± 0.6%; P < 0.01 when paired with hematocrits 
in angiostatin treated mice; Fig. 2D), 

Detection of Angiostatin in Plasma 24 h after Ii^ection. Mice 
were euthanized 24 h after the final injection of angiostatin, and 
plasma was analyzed by Western blot for the presence of angiostatin. 
Angiostatin was not detected in the plasma of PBS-treated control 
mice (Fig. 3), consistent widi control studies that indicate that EOMA 
cells in vitro do not produce or secrete angiostatin (data not shown). 
However, a band the size of the administered human angiostatin 
(approximately M, 50,000; Ref. 3) that reacted widi antiplasminogen 
antibody was found in all angiostatin-treated mice (Fig. 3). 

Mechanism of Action. There was no significant difference in the 
proliferative rate between PBS-treated (19.2 ± 5.9% of cells) and 
angiostatin-treated tumors (22.2 ± 6.0% of cells) as detected by PCNA 
staining (P = 0.08). By contrast, angiostatin-treated animals demon- 
strated significandy higher numbers of apoptotic tumor cells 
(52.3 ± 14.6% of cells; Fig. 4^) in comparison widi PBS-treated animals 
(6.1 ± 1.9% of ceUs; Fig. AB\ P < 0.00001). In vitro studies showed that 
2% of EOMA cells in culture were apoptotic, regardless of incubation 
widi angiostatin or die presence or absence of senmi. The failure of 



angiostatin to induce apoptosis of EOMA cells in vitro suggests that the 
apoptosis obsCTved in vivo is the result of aqgiostatin-induced angiosup- 
pression and supports die model diat tumor cell survival is dependent 
upon factcMTS elabcHBted by die endrthelial cells (1). 

Taken togedier. our data suggest die value of angiostatin administra- 
tion for treatmait of hemangioendotfielioma, a primaiy norunetastasizing 
neoplasm, and perhaps of odier primary neoplasms. The lack of consist- 
ent efficacy of present dierapy for KMS. die severe pcrtential side effects, 
and marked disfigurement in surviving infants after resolution of die 
massive vascular tumors emphasize the need for more efficacious, less 
toxic agents to treat KMS. The demonstration that angiostatin not <mly 
dramatically inhibits tumor growdi but also limits die hematological 
complications suggests diat antiangiogenic agents, in particular angiosta- 
tin, may be a primaiy or adjunctive tiierapy for KMS. 
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Figure L Ejc vivo plasma treated with captopril (free sulfhydryl donor) or uPA (urokinase 
plasminogen activator) and captopril. No plasmin nor plasmin nor AS4.5 was generated by 
captopril alone. With combined uPA and captopril treatment, plasminogen was activated to plasmin 
as judged by the formation of the plasmin (PLSMN) complex with alpha-2-antiplasmin (a2AP) and 
alpha-2-macroglobulin (a2MG). Further, the combined uPA/captopril treatment resulted in the 
generation of significant levels of Lys-AS4.5 (-200 nM) and Glu-AS4.5 (--100 nM). 
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Figure 2 Untreated ex vivo plasma (Control) and plasma treated with uPA alone. Neither 
plasmin nor AS4.5 was generated in untreated control conditions. With xiPA treatment alone, 
however, plasminogen was activated to plasmin as judged by the formation of the plasmin 
(PLSMN) complex with alpha-2-antiplasmin (a2AP) and alpha-2-macroglobulin (a2MG). Further, 
the uPA treatment resulted in the generation of detectable levels of Lys-AS4.5 (--20-40 nM). 
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